Background. Injecting drug users remain the population at greatest risk of acquiring hepatitis C virus (HCV) infection, although a recent increase in cases of sexually transmitted HCV infection has been observed among human immunodeficiency virus (HIV)-infected individuals. The extent to which these separate epidemics overlap is unknown.
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Background. Injecting drug users remain the population at greatest risk of acquiring hepatitis C virus (HCV) infection, although a recent increase in cases of sexually transmitted HCV infection has been observed among human immunodeficiency virus (HIV)-infected individuals. The extent to which these separate epidemics overlap is unknown.
Methods. The Australian Trial in Acute Hepatitis C (ATAHC) enrolled 163 individuals (29% of whom were HIV infected) with recent HCV infection. E1/HVR1 sequences were used to construct phylogenetic trees demonstrating monophyletic clusters or pairs, and viral epidemic history and phylogeography were assessed using molecular clock analysis. Individual clusters were characterized by clinical and demographic characteristics.
Results. Transmission through injection drug use occurred for 73% of subjects, with sexual transmission occurring for 18% (92% of whom were HIV infected). Among 112 individuals with available E1/HVR1 sequences, 23 (20%) were infected with a strain of HCV identical to that of another subject, comprising 4 homologous clusters and 3 monophyletic pairs, the majority of which (78%) were HIV infected. Clusters contained individuals with both injection drug use-related and sex-related acquisition, and in all clusters (except for 1 female HIV-uninfected pair), individuals identified as men who have sex with men, irrespective of HIV status.
Conclusions. This large unique study of HIV-infected and HIV-uninfected individuals with recently acquired HCV infection demonstrates that clustering is common in the HIV-infected population and that it occurred almost invariably among men who have sex with men, irrespective of the actual mode of acquisition. These findings suggest the coexistence of both injection drug use and sexual risk behaviors for individuals in the same social networks and have implications for the development of public health messages.
Clinical trial registration. NCT00192569.
Transmission of hepatitis C virus (HCV) continues unabated in the developed world, driven largely by the high incidence of HCV infection among injection drug users (IDUs) [1] [2] [3] [4] . Despite the rapid spread of HCV infection, characterization of transmission patterns has been difficult, because acute HCV infection is asymptomatic in the majority of infected individuals; because infection occurs most frequently among highly marginalized, at-risk populations; and because public health surveillance systems to detect new infections are often limited. However, the use of novel molecular epidemiological methods, including phylogenetic analysis, to examine transmission dynamics in IDU populations has extended our understanding in recent years [5] [6] [7] .
In addition to the ongoing epidemic among IDUs, a more recent dramatic increase in cases of acute HCV infection has been reported among populations of human immunodeficiency virus (HIV)--infected men who have sex with men (MSM). The majority of these new infections have been associated with sexual (permucosal) risk exposure [8] [9] [10] [11] , with cases reported from Europe, the United States, and Australia [12, 13] . Analysis of behavioral risk factors associated with acquisition of HCV infection through permucosal exposure in HIV-infected MSM has established a number of sexual and (noninjection) drug use practices [8] . In addition, a phylogenetic study involving 226 HIV-infected MSM demonstrated evidence of a large European network of predominantly permucosal HCV transmission [14] . Molecular clock analysis indicated that the majority of infections were of recent origin (ie, they occurred after the introduction of highly active antiretroviral therapy [HAART] in the mid 1990s).
The relative contribution of biological versus behavioral factors behind this changing epidemiology in HIV-infected MSM is unclear. Furthermore, if the factors are predominantly behavioral, then it is unclear whether a similar increase in ''permucosal'' cases of acute HCV infection could be observed among HIV-uninfected MSM populations. Although a few studies have tried to address this issue [15, 16] , most are limited by the discrete populations in which they have been conducted, and none have been able to explore transmission networks between HIV-infected and HIV-uninfected populations through phylogenetic analysis.
The Australian Trial in Acute Hepatitis C (ATAHC) was a prospective study of the natural history and treatment of recently acquired HCV infection, enrolling both HIV-uninfected and HIV-infected subjects [17] . The aim of this article was to explore, using demographic characteristics, risk behavior data, and phylogenetic analysis, the epidemiology of recently acquired HCV infection in Australia and the evidence of transmission networks involving linkage between HIV-uninfected and HIVinfected populations.
METHODS
This study was conducted according to the principles expressed in the Declaration of Helsinki and the International Conference on Harmonisation -Good Clinical Practice guidelines. All patients provided written informed consent for the collection of samples and subsequent analysis.
Study Design
ATAHC was a multicenter, prospective cohort study of the natural history and treatment of recent HCV infection and is described in detail elsewhere [17] . Paticipants with recent HCV infection included those who met the following eligibility criteria.
First positive anti-HCV antibody detected <6 months before enrolment and either a. acute clinical HCV infection, defined as symptomatic seroconversion illness or an alanine aminotransferase level .10 times the upper limit of normal, with exclusion of other causes of acute hepatitis, at most 12 months before the initial positive anti-HCV antibody; or b. asymptomatic HCV with seroconversion, defined by a negative anti-HCV antibody test result in the 2 years prior to the initial positive anti-HCV antibody test result (this broader seroconversion window was used to identify participants across a wide range of estimated dates of infection, given that the period defining acute HCV infection and response to therapy in this setting is still unclear).
Enrolment was encouraged for all people who met the entry criteria, regardless of whether HCV treatment was required, and participants with detectable HCV RNA levels at screening were assessed for treatment. HCV treatment consisted of pegylated interferon-alfa-2a for 24 weeks (plus ribavirin for HIV-HCVcoinfected participants).
HCV Virological Assessment
HCV RNA levels were assessed at screening with a qualitative HCV RNA assay (TMA assay; Versant, Bayer; lower limit of detection, 10 IU/mL) and, if the results were positive, a quantitative HCV RNA assay (Versant HCV RNA 3.0; Bayer; lower limit of detection, 615 IU/mL). The HCV genotype (Versant LiPa2; Bayer) was determined for all HCV RNA-positive participants at screening.
Behavioral Risk Assessment
The most likely mode of transmission was determined by the clinician at the initial screening assessment. In addition, participants completed a self-administered questionnaire to obtain information on a variety of parameters, including risk and IDU behaviors.
HCV RNA Sequencing
RNA was extracted from serum samples collected at the screening using the QIAmp Viral RNA extraction kit (QIAGEN). The region encoding envelope glycoprotein 1 (E1) and the hypervariable region 1 (HVR1) of E2 was amplified by a real-time nested reverse-transcriptase polymerase chain reaction (RT-PCR), as described by Pham et al [18] .
Determination of Viral Clusters
Sequences with 0%-2.2% divergence were regarded as coming from a potential common source [18] . These sequences were then assessed for monophyletic clusters or pairs by constructing phylogenetic trees using the neighbor-joining method with p-distance algorithm. Bootstrap values of . 70 indicate robust clusters or pairs.
Assessing Viral Epidemic History
Viral epidemic history was assessed by constructing phylogenetic trees, using the maximum likelihood approach implemented in BEAST, the Hasegawa-Kishino-Yano substitution model plus a c distribution model of among site rate heterogeneity (HKY-C) [19] . Markov Chains Monte Carlo sampling was performed for at least 1 3 10 7 generations, sampling every 1000 generations. Phylogenetic trees were visualized using Figtree software, version 1.2.3 (available from http://tree.bio.ed.ac.uk). The date of the most common recent ancestor for each HCV cluster was estimated using a molecular clock approach. On the basis of previous estimates, the inferred rate of nucleotide evolution for E1/HVR-1 sequences was 1.5 3 10 23 (lower bound) to 8.6 3 10 22 (upper bound) [20] , with a mean rate of 3.65 3 10
23
substitutions per site per year [21] . To select the best-fitting molecular clock model, all possible combinations of the relaxed and strict molecular clock models were analyszd using Tracer software, version 1.4.1 (http://tree.bio.edu.ac.uk). All models that failed to converge or achieve sufficient chain mixing (effective sample size, .100) before 30 3 10 6 generations were excluded [22] .
Phylogeography
To examine the specific pathway of location changes (migration events) between Australian states, a viral dispersal map from sequence phylogenies was constructed on the basis of reported approaches using the Slatkin and Maddison phylogenetic method [22] [23] [24] [25] [26] . First, the phylogenies for all sequences were constructed as described above. The trees were rooted using the closest group as an outgroup. Each HCV sequence was labeled according to its geographic location (Australian state). Quantitative features of phylogeographic analysis (migration matrix) were not analyzed in this study. Instead, simple qualitative phylogeographic dispersal, such as the degree of geographic dispersal and the most plausible origin of the current sample, were analyzed, as previously described for the global spread of HCV 1a and 1b [22] . BEAST, a standard Bayesian phylogenetic analysis program of DNA sequences, was used to generate phylogenetic trees. Two important tree characteristics-the size and the ''bushiness'' of the phylogenies-were calculated from the tree diagrams. The mean difference among the sequences was calculated as AvgDL (average difference between leaves). AvgDL provides a measure of the size of the evolutionary tree and, thus, the age of the evolutionary process.
RESULTS
Baseline characteristics of ATAHC participants, stratified by mode of acquisition, are shown in Table 1 . Overall, 167 subjects were enrolled, with 4 failing to return after screening, resulting in a total study population of 163 subjects.
One hundred nineteen subjects (73%) had IDU identified as the most likely route of infection, 29 (18%) were most likely infected through sexual exposure, and in 15 cases (9%), ''other'' or ''unknown'' routes of infection were identified (Table 1) . Of the 29 sexually acquired cases, 4 involved HIV-uninfected women, all of whom had a known HCV-infected partner and no history of IDU. Of the 25 men exposed sexually, only 2 were HIV uninfected, whereas 23 (92%) were HIV infected. Of the 2 HIVuninfected men, 1 was infected through same-sex (MSM) exposure with partner(s) of unknown status, and 1 was exposed through sexual contact with a woman known to be HCV infected. All 23 HIV-infected subjects were sexually exposed through MSM exposure. Of the 15 cases with other routes of exposure identified, 2 were suspected infections through medical procedures, 1 was associated with occupational exposure, 2 were associated with nonoccupational needlesticks, 1 was associated with assault, and 4 cases had unknown routes of exposure. In 3 cases, either MSM sexual exposure (n 5 2) or IDU (n 5 1) were disclosed by the subject on answering the risk assessment survey but were not identified by the clinician on the primary case report form.
Clinical, demographic, and behavioral characteristics, stratified by mode of acquisition, are shown in Table 1 . Individuals exposed through sexual contact were more often male and HIV infected. Aside from expected differences in drug use characteristics, other notable differences between individuals with sexual and IDU-related acquisition were observed, including differences in education level, employment, prison experience, social functioning, and depression. Clinical characteristics, however, were generally similar between the groups (Table 1.) Participants were stratified further on the basis of both HIV status and mode of acquisition (IDU vs sexual exposure) ( Table 2 ). Because the group of HIV-uninfected subjects with sexual acquisition comprised only 6 cases, this group was excluded from analysis, leaving 3 groups; the HIV-uninfected IDU group (n 5 96), the HIV-infected IDU group (n 5 23), and the HIV-infected sexual acquisition group (n 5 23). Characteristics of these 3 groups are given in Table 2 . Marked differences were seen between the HIV-uninfected IDU group and the HIVinfected sexual acquisition group, similar to those described in Table 1 . Indices of social stability, such as higher education, home ownership, and employment, were all highest for the sexual acquisition group, followed by the HIV-infected IDU group and then the HIV-uninfected IDU group. The social functioning score, a global indicator of social stability in which higher values reflect greater instability, demonstrated that 50% of HIV-uninfected individuals had scores .14, compared with 22% of HIV-infected IDU cases and 13% of HIV-infected sexual acquisition cases.
Phylogenetic Analysis
A phylogenetic tree was constructed using 116 E1/HVR1 sequences from 112 screening samples and 4 cases of reinfection ( Figure 1A ). Of the 163 samples from enrolled subjects, sequences could not be obtained for 11 screen samples (6.7%) because of technical difficulties and for an additional 40 screen samples (24.5%) because of the low level or absence of viremia (virus load, ,615 IU/mL). The majority of genotypes were 1a (53 [47%]) and 3a (50 [44%]), with smaller numbers of 1b (3), 2a/b (6), and 4a (1). Of the 112 sequences subjected to phylogenetic analyses, 77 were obtained from HIV-uninfected subjects and 35 were from HIV-infected subjects, representing 68% and 70% of each group, respectively. Phylogenetic analysis using a bootstrap value of .98% identified 4 clusters and 3 homologous pairs of virus, containing a total of 23 viruses (20% of the total sequenced) ( Figure 1A ). Of these 23 viruses, 18 were from HIV-infected subjects (51% of HIV-infected subjects sequenced) and 5 were from HIV-uninfected subjects (8% of HIV-uninfected subjects sequenced; P , .001). The vast majority (19 of 23) of these viruses were in genotype 1a clusters and involved both IDU-acquired (n 5 15) and sexually acquired (n 5 7) cases. Details of subjects falling into the clusters and pairs by HIV status and mode of acquisition are given in Table 3 . HIV-infected clusters contained individuals with both sexual and IDU-related acquisition (clusters 4-6). One separate pair of HIV-uninfected IDUs was identified (cluster 2). Clusters 1 and 3 contained both HIV-infected and HIV-uninfectedindividuals. Cluster 1 contained 1 HIV-uninfected patient who acquired HCV infection through IDU, one HIV-uninfected subject with ''other'' identified as the most likely route of transmission, and 1 HIV-infected subject with HCV reinfection acquired through sexual exposure. In cluster 3, 2 HIV-infected IDUs clustered with an HIV-uninfected MSM infected through sexual (27) 21 (72) 10 (67) Ever been in prison 25 (16) 22 (19) 1 (3) 2 (13) Current methadone or buprenorphine treatment 17 (10) 16 (13) 0 (0) 1 (7) Social functioning score .14 60 (37) 53 (45) 4 (14) 3 ( exposure. Although these clusters 1 and 3 contained participants with differing HIV status, further exploration revealed that both HIV-infected subjects in cluster 3 identified their sexual orientation as MSM, as did 2 subjects in cluster 1-namely, the HIVuninfected subject with IDU-acquired HCV infection and the HIV-uninfected subject who acquired HCV infection through an ''other'' route. Thus, irrespective of the most likely mode of HCV acquisition and HIV status, all subjects included in clusters or pairs in this analysis were MSM (with the exception of the 1 pair of female HIV-uninfected IDUs).
Molecular Clock Analysis
The degree of geographic dispersal and the plausible origin of HCV isolates in clusters or pairs were estimated on a real time scale using Markov Chain Monte Carlo approach to calculate the year of the most common recent ancestor ( Figure 1B) . The hierarchy presented in the phylogeographic tree indicated that the earliest divergence events occurred in New South Wales around 1989, and all recent migration events for monophylogenetic clusters or pairs occurred after 1998, after the introduction of HAART. Most sequences originated from New South Wales and Victoria with the exception of early migration (1991) of a genotype 3a virus from New South Wales to South Australia (SA). The number of migration events prior to the cluster formation ranged from 2 to 7 (mean 6 standard deviation, 5 4.7 6 1.9).
In addition, we examined whether there was evidence for different timings of transmission networks in HIV-uninfected .400 IU/L, n (%) 44 (46) 15 (65) 16 (70) HCV RNA level and HIV-infected ATAHC subjects using markers of evolutionary tree diversity. Bushiness models were constructed with subject sequences using BEAST software. AvgDL was calculated for both HIV-infected subjects and HIV-uninfected subjects ( Table 4 ). The AvgDL in HIV-infected subjects was significantly lower than that in HIV-uninfected subjects for both genotype 1 (13.00 vs 19.98; P , .001) and genotype 3 (11.62 vs 20.42; P , .001) evolutionary trees.
DISCUSSION
Our study demonstrates several important findings regarding HCV transmission networks, based on detailed characterization of persons with recently acquired HCV infection enrolled in a prospective study recruiting both HIV-uninfected and HIVinfected individuals through the same Australian network. First, although IDU was the most common mode of acquisition (73%), sexual exposure accounted for 18% of cases, of which 80% involved HIV-infected MSM. Sexual transmission among HIV-uninfected individuals was unusual but was almost always in the context of contact with a known HCV infected partner (one exception being an HIV-uninfected MSM with multiple partners of unknown status).
Second, patients with IDU-acquired and sexually acquired cases differed markedly on all indices of social stability, with individuals infected through IDU representing a far more socially disadvantaged group, although this was less so for HIVinfected IDUs (all of whom were MSM). The lack of heterosexual HIV-infected individuals with IDU-acquired HCV infection in ATAHC is consistent with the extremely low prevalence of HIV infection in Australian IDU populations [27] . Clinical variables, however, were generally similar for patients with IDU-acquired and sexually acquired cases, including genotype distribution and seroconversion symptoms. The higher baseline HCV RNA level in the sexually acquired group likely reflects the significant proportion of persons in this group (80%) who were HIV infected. It is well recognized that average HCV RNA levels are 1 log higher for HIV-infected versus HIV-uninfected individuals [28] . Similarly, the greater proportion of cases diagnosed via asymptomatic seroconversion in the IDU group may reflect differing patterns of testing in IDU and HIV-infected populations.
Our phylogenetic analysis confirms data from international cohorts demonstrating that clustering of recently acquired HCV cases is common in HIV-infected populations [14] . The majority (51%) of our HIV-infected subjects had a virus that was homologous with another subject, compared with only 8% of HIV-uninfected subjects. A large European network proposed that frequent clustering of HIV-infected cases represented recent transmission networks occurring predominantly since the advent of HAART [14] . Our molecular clock analysis confirms the time frame for these events. Furthermore, our phylogeographic analysis was able to demonstrate that New South Wales was the state where these HCV clusters originated and was also the state where most clusters or pairs were found. Geographic dispersal of clusters and pairs was demonstrated to be independent from mode of transmission and HCV genotype. Finally, results from our bushiness analysis demonstrate that the virus in the HIVinfected ATAHC population was significantly less evolved (ie, younger) than that in the HIV-uninfected population, supporting the more recent transmission of virus in this population.
Conclusions from the European phylogenetic study suggested that these transmission networks were a new phenomenon observed in HIV-infected men exposed to HCV through sexual (permucosal) risk. However, our data clearly show that clusters contain HIV-infected individuals exposed both from IDU and from sexual activity and suggests that social networks exist in groups of HIV-infected MSM that contain both IDUs and nonIDUs. Because use of noninjection drugs has been recognized as a risk factor for sexually acquired HCV infection [8] , and because we have demonstrated that HIV-infected MSM are similar regardless of their IDU status, it is highly likely that social mixing of HIV-infected individuals with all types of drug-taking behaviors is occurring and fuelling the ongoing epidemic. Interestingly, we observed only 3 instances of HIV-uninfected individuals falling into HIV-infected clusters (clusters 1 and 3) . All of these individuals were identified as MSM, although 1 was infected through IDU and another through unknown (but probable sexual) exposure. The absence of any HIV-uninfected heterosexual IDUs involved in these clusters again suggests that these networks of HCV transmissions are predominantly defined by sexual orientation rather than risk behavior.
In summary, our study has a number of findings important to our current knowledge of the epidemiology of HCV transmission. IDU remains overwhelmingly the most common mode of infection among HIV-uninfected populations but is less common than sexual transmission among HIV-infected populations. In this group, both IDU-related and sexual exposures occur and are involved as mechanisms of transmission in the same social networks, which appear to be based on sexual orientation rather than specific risk-taking behavior. These findings further extend the debate on the role of sexual and IDU-related transmission of HCV in both HIV-infected and HIV-uninfected MSM populations and have implications for the appropriate targeting of future public health messages.
